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We discuss the excess conductivity above Tc due to renormalized order-parameter fluctuations in
YBa2Cu3O7−δ (YBCO) at microwave frequencies. We calculate the effects of the uniaxial anisotropy
on the renormalized fluctuations in the Hartree approximation, extending the isotropic theory de-
veloped by Dorsey [Phys. Rev. B 43, 7575 (1991)]. Measurements of the real part of the microwave
resistivity at 24 and 48 GHz and of the dc resistivity are performed on different YBCO films. The
onset of the superconducting transition and the deviation from the linear temperature behavior
above Tc can be fully accounted for by the extended theory. According to the theoretical calculation
here presented, a departure from gaussian toward renormalized fluctuations is observed. Very con-
sistent values of the fundamental parameters (critical temperature, coherence lenghts, penetration
depth) of the superconducting state are obtained.
PACS numbers: 74.40.+k, 74.76.-w, 78.70.Gq
I. INTRODUCTION
The analysis of fluctuations-induced excess conduc-
tivity has stimulated in the past years a considerable
amount of work. Theoretical investigations of the dc
as well as the finite-frequency conductivity dates from
the 1960’s,1–5 and development of this topic proceeded
until the discovery of high temperature superconductors
(HTSC’s). High critical temperatures and short coher-
ence lengths conspire to the giant enhancement of ther-
modynamical fluctuations in HTCs. Due to their layered
structure and to the consequent anisotropy in the su-
perconducting state, the effects of thermal fluctuations
are further enhanced. As a result, these materials can
be viewed as ideal systems to experimentally verify the
theories for the excess conductivity. Among the high-
temperature compounds with moderate but significant
anisotropy, YBCO is the most studied on this aspect,6–15
and we will restrict our discussion and measurements to
this compound only.
Despite the extended experimental investigation, there is
a considerable debate on the appropriate model for the
fluctuation conductivity in zero magnetic field:7,8,15–17
most of the existing analysis of the effects of order-
parameter fluctuations on the dc conductivity have been
performed in terms of Aslamazov-Larkin (AL) isotropic
three-dimensional (3D) fluctuations2 for temperatures
close to Tc, while a crossover to 2D fluctuations has been
claimed at temperatures substantially higher than Tc,
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according to the interpretation of the data in terms of
Lawrence-Doniach (LD) model.18 Not too close to Tc,
data on YBCO have been shown to be compatible with an
AL interpretation supplemented with a Maki-Thompson
(MT) term.5,7 However this framework has been seriously
questioned by Hopfengartner et al :8 by extending the AL
theory to an anisotropic superconductor and introducing
a phenomenological cutoff for long wave-vector fluctu-
ations they showed that the dc excess conductivity in
YBCO films agreed well with the modified AL expres-
sion, without the need for MT terms (up to T = 1.1 Tc).
Most important, from this kind of analysis no 3D-2D
crossover was found in YBCO, in contrast with the ordi-
nary LD-like crossover.8
These interpretations are based on theoretical results ob-
tained in the Gaussian approximation. Approaching the
critical region close to Tc this treatment must be ex-
tended to take into account interactions between fluc-
tuations. The amplitude of the critical region is theoret-
ically predicted to be experimentally accessible for these
superconductors,19 but the actual value of the crossover
temperature from Gaussian to critical behavior is still
debated.15,20
Up to now, the analysis of the dynamical properties near
Tc have been performed mainly through the compari-
son of experimental data with appropriate power laws of
the reduced temperature. However, experimental data
give controversial results. For example, the dc conduc-
tivity above Tc
21 and the penetration depth λ(T ) be-
low Tc
11 have been found to follow a 3D XY-like power
law, but Gaussian results for λ(T ) have been recently
reported.12 Moreover, a possible crossover from critical
to 2D Gaussian fluctuations has been reported in the mi-
crowave conductivity.13 In fact, simple power laws or scal-
ing behaviors, without explicit expressions for the vari-
ous quantities, do not allow a quantitative and complete
comparison between experiments and theories.
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Explicit expressions for the finite-frequency conductivity
have been recently calculated by Dorsey22 beyond the
Gaussian approximation, using a Hartree approach; in
this treatment, confined to an isotropic, three dimen-
sional superconductor, a renormalized expression for the
3D isotropic fluctuational conductivity is deduced, ex-
plicitly as well as in a scaling form. The basic scaling
parameter is the temperature-dependent correlation time
τ ∼ ξz , with the correlation length diverging at T = Tc
as ξ ∼ ǫ−ν, where sufficiently close to Tc, ǫ = (T/Tc− 1).
Measurements of the complex conductivity as a func-
tion of frequency9 analyzed in terms of the abovemen-
tioned theory have revealed a somehow puzzling behav-
ior: in fact, the complex conductivity σ (ω) does exhibit
a scaling behavior close to the expected one, but the
so-obtained critical exponents, ν ≃ 1.2 and z ≃ 2.6,
are quite different with respect to the Gaussian values,
ν = 0.5 and z = 2; the critical exponent ν is also in con-
flict with the prediction for the 3D XY uncharged fluid,
ν = 2/3.23 The determination of the critical exponents
close to Tc is uncertain: in fact, a different scaling anal-
ysis of measurements of the frequency-dependent con-
ductivity up to 2 GHz in zero magnetic field gave large
exponents, ν ≃ 1.7 and z ≃ 5.6,10 in contrast with those
previously obtained.
A noticeable fact in the existing body of experimental
data and theoretical models is that the commonly per-
formed analyses do not explicitly include the anisotropy,
so that an intrinsic feature of HTSC’s is lost. In particu-
lar, while there are Gaussian theories for the anisotropic
fluctuational conductivity,4 the inclusion of at least a
mass tensor in a renormalized theory for the finite-
frequency fluctuational conductivity is still missing, at
least to our knowledge. Since in materials such as
HTSC’s the intrinsic anisotropy is one ingredient that
possibly makes the departure from Gaussian behavior
experimentally observable, we think that a quantitative
analysis of the data must be based on the explicit inclu-
sion of the anisotropy in the calculations.
In this paper we extend the renormalized-fluctuations
theory developed by Dorsey22 by introducing an
anisotropic mass tensor, and we compare the results to re-
sistive transitions in zero field obtained in dc and at high
frequency, above the critical temperature. In Section II,
we calculate the Gaussian and renormalized-fluctuations-
induced excess conductivity above Tc in a uniaxial su-
perconductor, subjected to an alternating electric field
along the (a, b) planes, stressing the main differences that
come out by the introduction of the anisotropy. We write
down the explicit expressions for the dynamical conduc-
tivity as a function of the frequency and temperature,
in terms of physical parameters (coherence lengths, pen-
etration depth). In Section III we briefly describe the
samples under study, we sketch the experimental appa-
ratures and we present the resistive transitions in dc, at
24 and 48 GHz. In Section IV we show that very good fits
to the data are obtained with the extended theory here
developed, with very reasonable parameters. A smooth
departure from Gaussian fluctuations is obtained.
II. THEORY
To take into account the intrinsic anisotropy of HTSC’s
, we start from the standard Ginzburg-Landau functional
for a uniaxial anisotropic superconductor in presence of
an external potential vector A (throughout the paper we
use Siste`me International units):
F =
∫
dr

 ∑
j=x,y,z
h¯2
2mj
∣∣∣∣
(
∂
∂rj
−
ie⋆
h¯
Aj
)
ψ (r)
∣∣∣∣
2
+ α |ψ (r)|
2
+
1
2
β |ψ (r)|
4

 (1)
where e⋆ = 2e is twice the electronic charge, mx,y =
mab and mz = mc are the masses of the pair along the
main crystallographic directions, the coefficient α is a
linear function of the reduced temperature α = aǫ, and
ǫ = ln(T/Tc) is the reduced temperature.
24 Our aim is
to calculate the dynamical conductivity along the (a, b)
planes (e.g. the x axis) in presence of an electric field
E, or equivalently, a vector potential A. In order to cal-
culate a dynamical property of the system, such as the
conductivity, we consider the temporal evolution as de-
termined by the time dependent Ginzburg-Landau equa-
tion
1
Γ0
(
∂
∂t
+
ie⋆
h¯
φ (r, t)
)
ψ(r, t) = −
δF [ψ]
δψ⋆
+ ζ(r, t) =
= −
[
α+ β |ψ|
2
−
h¯2
2mab
(
∂
∂x
−
ie⋆
h¯
Ax
)2
−
h¯2
2mab
∂2
∂y2
−
h¯2
2mc
∂2
∂z2
]
ψ (r, t) + ζ(r, t) (2)
2
where Γ0 is a constant relaxation time; ther-
mal fluctuations are represented by the noise term
ζ (r, t) with δ function correlation 〈ζ⋆ (r, t) ζ (r′, t′)〉 =
(2kBT/Γ0) δ (r− r
′) δ (t− t′). We choose the gauge
where the scalar potential φ (r, t) = 0.
The calculation scheme is as follows: we first compute
the conductivity above Tc in the linear response in the
Gaussian approximation. The result will depend on the
temperature through α(T ). Then we renormalize the α
parameter by using an Hartree approximation for the
quartic term in the GL functional. Inserting the latter in
the Gaussian conductivity we get the renormalized result.
This approach has been used in Ref. 22 to calculate the
linear and nonlinear excess conductivity in an isotropic
superconductor. While our analysis explicitly include the
anisotropy in the calculation of the linear conductivity,
nonlinear effects are beyond the purposes of this paper.
The response of the system to the in-plane field A(t) is
determined by the current operator averaged with respect
to the noise (here represented by the brackets): it can be
expressed as a function of the correlation function of the
order parameter C (r, t; r′, t′) = 〈ψ (r, t) ψ⋆ (r′, t′)〉:
〈Jx (t)〉 = −
h¯e⋆
mab
∫
d3q
(2π)
3 qxC
[
k = q−
e⋆
h¯
A (t) ; t, t
]
(3)
where the momentum dependence has been shifted
from k to the new vector q = k + (e⋆/h¯)A (t). As a
first step (Gaussian approximation), we neglect the non
linear term β |ψ|
2
ψ. Eq.1 is then exactly solvable, and
for the correlation function one gets:
C (q; t, t) = 2kBTΓ0
+∞∫
0
exp
{
−2Γ0αs− Γ0h¯
2s
(
q2y
mab
+
q2z
mc
)
+
−
Γ0h¯
2s
mab

qx + e⋆
h¯s
s∫
0
du [Ax (t− u)−Ax (t)]


2
−
Γ0e
⋆2
mab


s∫
0
du (Ax (t− u))
2
−
1
s

 s∫
0
duAx (t− u)


2



 ds (4)
In the frame of the linear response, the quadratic terms
in the vector potential can be neglected. Using the ex-
pression found for the correlation function, Eq.4, the cur-
rent operator in Eq.3 becomes
〈Jx (t)〉 =
e2
h¯3
kBT
(
mc
Γ0π3
)1/2 +∞∫
0
ds

e−2Γ0αs
s5/2
s∫
0
du [Ax (t− u)−Ax (t)]

 (5)
After Fourier transformation, one has Jx =
[σ′(ω) + iσ′′(ω)] Ex, with
σ′(ω) =
e2
h¯3
kBT
(
mc
Γ0π3
)1/2 +∞∫
0
ds
s5/2
e−2Γ0αs
1− cos ωs
ω2
(6)
σ′′(ω) =
e2
h¯3
kBT
(
mc
Γ0π3
)1/2 +∞∫
0
ds
s5/2
e−2Γ0αs
ωs− sin ωs
ω2
(7)
After integration, Eqs.6 and 7 can be written as:
σg(ω) = σ
′(ω) + iσ′′(ω) =
=
e2
32h¯ ξc0
1
ǫ1/2
[
S+
(ω
Ω
)
+ i S−
(ω
Ω
)]
(8)
where S+(x) and S−(x) are the scaling functions as
can be found in Ref. 22 (the subscript g means that
this result is obtained in the Gaussian approximation),
and they have the property that S+(x → 0) = 1 and
S−(x→ 0) = 0. The characteristic frequency Ω is
Ω = 2Γ0α =
32kBT
h
ǫ (9)
where the relaxation time Γ0 = (8kBT/h¯πa) is evalu-
ated from the microscopic theory1 and ξc0 = h¯/(2mca)
1/2
is the zero temperature c-axis correlation length. Before
proceeding further to the renormalization, some com-
ments are in order. Eq.8 contains all the previously ob-
tained results in various limits: as ω → 0 Eq.8 gives the
3
dc, anisotropic AL result.8,25 As expected, at nonzero fre-
quencies the conductivity does not diverge at Tc, due to
the vanishing of the scaling functions S± when written in
terms of the temperature. Moreover, the result in Eq.8
agrees with the one calculated by a different approach
by Klemm.4 The isotropic result is recovered by simply
putting ξc0 = ξ. The introduction of the anisotropy leads
to an enhancement by a factor of γ = ξab0/ξc0 in the pref-
actor of the fluctuation conductivity, as seen by the fact
that Eq.8 contains only the short coherence length ξc0.
However, in the Gaussian approximation, the character-
istic frequency remains unchanged with respect to the
isotropic result. This is no longer true in the renormal-
ized regime, as we show below.
Approaching Tc, the Gaussian approximation breaks
down. We extend our calculation to this region by con-
sidering the effects of the interaction term β |ψ|
2
ψ of
the Landau-Ginzburg functional through the Hartree ap-
proximation: we replace the non-linear term by its aver-
age value and put it in a renormalization of the parameter
α. The renormalized parameter α˜
α˜ = α+ β
〈
|ψ|
2
〉
= α+ β
∫
d3q
(2π)3
C (q; t, t) (10)
represents the renormalized temperature dependence
and it is defined through this self-consistency equation.
All the quantities above calculated in the Gaussian
approximation contain the temperature dependence
through the parameter α; hence, the relations found can
be easily extended to the critical region by replacing
α→ α˜. In particular, the correlation function is formally
identical to the one determined by means of Eq.4; evalu-
ating it with an electric field along the x-axis in the frame
of the linear response approximation, Eq.10 becomes:
2mabα˜ = 2mab (α− αc)−
βkBT
h¯3π
(
m3ab mc
)1/2
(2mabα˜)
1/2
(11)
where αc is the bare α parameter evaluated at the
renormalized critical temperature T˜c at which the pa-
rameter α˜ vanishes: αc = α(T = T˜c) = a ln
(
T˜c/Tc
)
.
The self consistency equation, Eq.11, can be usefully
interpreted as the relation which determines the renor-
malized correlation length along the (a, b) planes ˜ξab =(
h¯2/2mabα˜
)1/2
:
ξ˜ab(T ) =
w κ2 γ ξ2ab0
ln
(
T/T˜c
)

1 +

1 + ln
(
T/T˜c
)
w2 κ4 γ2 ξ2ab0


1/2


(12)
where w =
(
e2 µ0 kBT/π h¯
2
)
, µ0 is the magnetic per-
meability of vacuum, γ = (ξab0/ξc0) is the anisotropy
factor and κ = (λab0/ξab0) is the Ginzburg parame-
ter, which is related to the coefficient β of the Landau-
Ginzburg functional through the London equation.26 The
renormalized coherence length follows the usual, Gaus-
sian temperature behavior ǫ−ν with ν = 1/2 sufficiently
far away from Tc, but approaching the critical temper-
ature it diverges with the critical exponent ν = 1, as
depicted in Fig.1. A smooth crossover between these two
power laws is then obtained by varying the temperature
(Fig.1). It is interesting to note that, while the exponent
ν = 1 is recovered only very close to Tc, a substantial
departure from the Gaussian value ν = 1/2 is obtained
at rather high temperatures, and this regime is very well
approximated by an exponent ν = 2/3. Once the renor-
malized coherence length is obtained, the conductivity
can be immediately written down by substituting ξab(T )
with ξ˜ab(T ), and one gets
σ˜ (ω, T ) =
e2
32h¯
γ
ξ˜ab (T )
ξ2ab0
[
S+
(
ω
Ω˜ (T )
)
+ iS−
(
ω
Ω˜ (T )
)]
= σ˜dc (T ) [S+ + iS−] (13)
where
Ω˜ (T ) =
32 kB T
h
(
ξab0
ξ˜ab (T )
)2
(14)
and τ˜ = 1/Ω˜(T ) plays the role of the renormalized
scattering time. Expression (13) takes then the form of
the renormalized dc excess conductivity σ˜dc(T ) times a
frequency-dependent contribution. As it can be noted
from Eq.12, the expression for the fluctuation conductiv-
ity depends on a limited number of parameters, namely
the bare quantities ξab0, γ and κ, being T˜c the only renor-
malized parameter. We note that now the (renormalized)
scattering time does depend on the anisotropy, differ-
ently from the Gaussian result, Eq.9. As expected, in
the limit γ = 1 our results coincide with the isotropic
calculation.22 We stress, however, that the anisotropy γ
does not enter in a trivial way in the renormalized quan-
tities: it enters through different combinations in the
prefactor of σ˜ and in the renormalized scattering time.
In particular, our calculation cannot be simply mapped
onto the isotropic result by the use of some ”lumped”
parameter in the fitting: γ is an independent parameter.
4
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FIG. 1. Renormalized coherence length as a function of
the temperature, ξ˜ab (open circles). Parameters appropriate
to the fitting of the data on sample IV were used. Various
power laws are depicted, in the form ξ˜ab ∼
[(
ln(T/T˜c)
)]
−ν
:
Gaussian (ν = 1/2, full line), critical (ν = 1, dashed line) and
ν = 2/3 (dotted line).
III. EXPERIMENTAL SECTION
Measurements of the microwave and dc resistivity in
nominally zero field were performed. Five YBCO thin
films, grown by different methods27–29 were investigated.
All samples were highly c-axis oriented, as indicated from
the θ − 2θ rocking curve. Twinning is largely present in
all samples (as usual in films). Thicknesses ranged from
0.08 to 0.5 µm. The main features are presented in Table
I. It is worth mentioning that samples II and III are of
inferior quality, as can be seen, e.g.,by the fact that the
normal state resistivity is 2-3 times higher than in the
other films.
Microwave resistivity measurements were performed on
as-deposited samples I-IV. The microwave response was
investigated at 48 and 24 GHz, in samples I-III and IV,
respectively. Extensive descriptions of the experimen-
tal systems have been given previously,30,31 and we give
here only a short sketch. Two experimental systems were
employed. In both cases we made use of the cavity-end-
wall-replacement method: the sample is mounted in or-
der to replace one end-wall of a mechanically tunable
right-cilynder resonant cavity. The cavities were designed
to work in absorption in the TE011 mode, at 24 [cavity
(a)] and 48.2 GHz [cavity (b)], with quality factors of
about 15000 and 6000, respectively. The relatively low
quality factor prevented an accurate measurement of the
absolute surface resistance below ∼ 70K, but allowed us
to obtain reliable measurements in the whole transition
range and well above Tc. As described in Ref. 31, the
unloaded quality factor Q of the cavities was measured
by recording the (Lorentzian) resonance shape as a func-
tion of the slowly (∼ 0.2 K/min) increasing temperature.
Changes of Q reflect the changes in the microwave sur-
face resistance.31 A calibration of the cavity response is
in principle needed to obtain the absolute surface resis-
tance, but since below ∼ 70 K the changes in Q cannot
be resolved due to the reduced sensitivity of the cavities,
data presented as:
RS(T )−RS(70K) = G
[
1
Q(T )
−
1
Q(70K)
]
(15)
are independent on the calibration (a detailed discus-
sion can be found in Ref. 31). This is equivalent to take
as zero the low-temperature value of RS . Here G is a
known geometrical factor.
The real part of the microwave resistivity is directly ob-
tained from the data due to the reduced sample thick-
ness d. For samples thinner than twice the penetration
depth (the skin depth δ in the normal state, the London
penetration depth λ in the superconducting state) the
measured surface resistance directly gives the real part
of the resistivity through:
Re [ρ(T )] ∼= RS(T ) d (16)
A detailed study of the applicability range of this ap-
proximation can be found in Ref. 32. We notice, however,
that we are interested in measurements close and above
Tc, where λ is much longer than the zero-temperature
value. Consequently, Eq.16 is valid up to (at least) 3%,32
also in the thicker film.
Sample Thickness(µm) Substrate ω(GHz) Ti T˜c ξab0(A˚) λab0(A˚) γ
I 0.3 LaAlO3 48.2 86.2 86.7 14.4 1300 6.4
II 0.08 LaAlO3 48.2 86.5 86.8 17.5 1300 5
III 0.5 LaAlO3 48.2 87.2 87.2 16.5 1500 5.4
IV 0.12 LaAlO3 24.0 84.6 84.4 14.3 1500 6.6
V 0.1 SrTiO3 dc 89.7 89.6 15.0 1100 6.3
TABLE I. Sample characteristics, measuring frequency (ω), measured inflection temperature (Ti) and fit parameters (T˜c,
ξab0, λab0,γ).
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The data for the so-obtained microwave resistivity on
four samples as a function of the temperature are re-
ported in Figs.2 and 3 in terms of ∆ρ (T ) = ρ (T ) −
ρ (70K), accordingly to Eqs.15 and 16 . The behavior
is essentially linear at high temperatures, and gradually
bends approaching the transition. The inflection tem-
peratures of the microwave resistivity, Ti, in the various
samples are reported in Table I. Sample IV was measured
at 24 GHz, and samples I-III at 48.2 GHz. Additionally,
we performed dc resistivity measurements on a patterned
sample. Sample V was patterned in a 2 mm long, 100 µm
wide strip by ion milling. The dc resistivity was measured
through a four-probe lock-in method, with the current
oscillating at 20 Hz. Low current density (∼10 A/cm2)
was used. Data were collected upon cooling and warm-
ing in a commercial helium flow cryostat. No differences
were observed in the corresponding resistive transition,
within the voltage (∼ 5 nV) and temperature (∼ 0.005
K) sensistivities. Zero resistance (within our resolution)
was attained at Tz=88.8 K.
IV. DISCUSSION AND CONCLUSIONS
We proceed here to the fitting of the zero-field resis-
tive transitions above Tc on the five samples with the
proposed model. First of all, we write the total conduc-
tivity as the sum of the normal and fluctuational terms,
so that the total resistivity is given by
ρ(T, ω) =
1
σn(T ) + σ˜fl(T, ω)
=
1
1
ρn(T )
+ σ˜fl(T, ω)
(17)
where we have assumed that the normal state relax-
ation time is much smaller than 1/ω. Here, σ˜fl(T, ω) is
the fluctuational conductivity and ρn(T ) is the measured
normal-state resistivity. The latter is linear above ∼120
K, and it was linearly extrapolated down to Tc.
Fits of the experimental data with the real part of Eq.17
can now be made. The theoretical expression depends on
four independent parameters, that can be chosen to be
the bare ξab0, λab0 and γ, and the renormalized critical
temperature T˜c (which is, in this frame, the experimen-
tally observable critical temperature). With the present
interpretation, no information comes from the data for
the bare critical temperature, Tc.
Before commenting on the fits, a few notes should be
added. First of all, as common to many calculations
of the fluctuational conductivity,14 the theory overesti-
mates the fluctuational contribution for T ≫ Tc. This
is true also at zero frequency. In fact, calculations of
the dc excess conductivity in the Gaussian approxima-
tion, explicitly including a high-q cutoff in the various
integrations in the momentum space show a drastic and
sharp suppression of σ˜ (T, ω = 0) at sufficiently high T
(above ∼120 K for YBCO).8,15,16
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FIG. 2. Measurements of the microwave resistivity at 48.2
GHz on sputtered samples I-III (open circles) and fits through
Eq.17 (continuous lines). Normal state resistivity: dotted
lines. Upper panel: data for the optimized sample (sample I),
with lower normal state resistivity. In the inset: enlargement
in a restricted temperature range. The anisotropic Gaussian
fits through Eq.8 are also reported for comparison: dashed
line (same parameters as for the renormalized fit) and dotted
line (Tc=87.3 K, ξc = 1.7A˚). The Gaussian fits do not repro-
duce the shape of the transition. Lower panel: data for lower
quality samples II (main panel) and III (inset). Scattering of
the data above Tc are due to the sensitivity limit of the cavity.
Inclusion of such a cutoff in the frequency-dependent
fluctuational conductivity is beyond of the scope of this
paper. Instead, we will phenomenologically take into
account this effect by making the physically reasonable
assumption that at sufficiently high temperature (say,
150 K) the fluctuational conductivity is no longer re-
solved in the measurements. As a consequence, we will
write the dc excess conductivity in Eq.13 (and then in
Eq.17) as σ˜dc (T ) − σ˜dc (150K). Other possible choices
consist essentially of taking a normal-state resistivity
which is higher than the measured one14 or with a dif-
ferent shape with respect to the linear extrapolation.7
However, our present choice keeps as much contact as
possible with the measured data well above Tc, and does
not introduce additional parameters.
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A second point comes from the fact that the HF renor-
malization here presented is perfomed in the adiabatic
limit, that is ω/Ω˜(T )≪ 1. As a consequence, we expect
that ω/Ω˜(T ) ≈ 1 is a limit for the accurate applicability
of such calculations, while the main features might ap-
ply also beyond this point until the HF approach breaks
down very near Tc. Since Ω˜
(
T → T˜c
)
→ 0, all the
fits were performed self-consistently, excluding the data
points with temperatures lower than those for which
ω/Ω˜(T ) = 1. This requirement, together with the ex-
pected cutoff at high temperature, resulted in fits being
performed using the data from about 0.5 K above the
critical temperature, up to ∼120 K.
With these cares, we performed the fits with the fluc-
tuational conductivity here calculated. The results are
reported in Figs.2,3 and 4. As can be seen, all the fits are
very satisfying, and the anisotropic renormalized fluctu-
ational conductivity seems to be a good description of
the data. All the parameters obtained are in the range
of commonly reported values (see Table I).6,33–38 In par-
ticular, we note that the low-quality films (samples II
and III) have lower γ, as expected and usually found
in literature. As a matter of fact, all the T˜c’s almost
coincide with the inflection of the transition, well below
the first onset of the superconductivity. If one allows
the bare critical temperature to be at the onset of super-
conductivity, one has a rough estimate
∣∣∣T˜c − Tc∣∣∣ ∼3K.
While the condition ω/Ω˜(T ) = 1 is reached about ∼
0.5 K above T˜c (slightly depending on the sample), we
note that the fits are in fairly good agreement with the
data even down to T˜c. It should be mentioned that pre-
liminary analysis of the flux-flow resistivity39 at 48GHz
below Tc on sample I gave an independent estimate for
the coherence length, in agreement with the value here
obtained from zero-field fluctuational conductivity above
Tc.
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FIG. 3. As in Fig.2, for the microwave resistivity at 24 GHz
on the laser-ablated sample IV.
We mention that our data might be equally well fitted
with the original isotropic theory22. However in this case
the parameters attain unrealistic values. As an example,
on sample I one would get a fit with the isotropic theory
almost indistinguishable from the one obtained with the
anisotropic theory with ξ = 2.6A˚. Since here ξ is an
isotropic coherence length, it is reasonable to assume
ξ = (ξ2abξc)
1/3 = ξab/γ
1/3. For ξab ≈ 15A˚ one would
get γ ≈ 200, more than an order of magnitude higher
than known values in YBCO. The Gaussian anisotropic
theory (Eq.8) can be made to fit the data only in the
high part of the resistive transitions. An example is
reported in the inset of Fig.2. It is apparent that the
Gaussian approximation does not reproduce at all the
shape of the resistive transition. A final note on the
3D-2D dimensional crossover that might be expected at
high temperatures, owing to the decrease of the c-axis
coherence length: being our calculation explicitly 3D,
such a crossover is not included there. However, it seems
that at least up to ∼120 K the data are well described
by the anisotropic 3D theory. This behavior is com-
pletely analogous to the results obtained in dc,8,15 where
a Gaussian analysis of the data sufficiently above Tc did
not show any dimensional crossover, the departure from
the AL anisotropic 3D behavior being fully accounted for
by the introduction of the cutoff in q-space. It would be
consistent also with the fact that, on a pure numerical
ground, the renormalized coherence length is longer than
the bare one, so that the crossover temperature shifts to
higher T , where this phenomenon might be hardly distin-
guishable from the short-wavelength-fluctuation regime.
This point deserves further study in the future.
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FIG. 4. As in Fig.2, for the dc resistivity on the
laser-ablated sample V. For clarity, only 5% of data are shown.
The theory reproduces fairly well the shape of the transition
above Tc also in the limit of zero frequency.
In conclusion, we have developed a theory for the finite-
frequency fluctuational conductivity in an anisotropic
uniaxial superconductor beyond the Gaussian approxi-
mation. We have shown that the anisotropy ratio γ en-
7
ters in a non-trivial way in the expression for the renor-
malized conductivity. We have performed measurements
of the dc and microwave resistivity above Tc in several
YBCO films of different quality and preparation process.
In all cases the temperature dependence of the resistivity
at all the frequencies investigated could be well described
by the theory here developed from slightly above Tc up
to ∼ 120 K, with values. Above ∼ 120 K the theory does
not apply, and more extensions are needed.
V. ACKNOWLEDGMENTS
We are indebted to V.Merlo at the University “Tor
Vergata” (Rome) and V.Boffa at the ENEA laboratories
(Frascati) for supplying samples IV and V, respectively.
1 W.J.Skocpol and M.Tinkham, Rep. Prog. Phys. 38, 1049
(1975).
2 L.G.Aslamazov and A.I.Larkin, Phys. Lett. 26A, 238
(1968).
3 H.Schmidt, Z. Phys 216, 336 (1968); ibidem 232, 443
(1970).
4 R.A.Klemm, J. Low Temp. Phys. 16, 381 (1974).
5 K.Maki, Prog. Theor. Phys. 39, 897 (1968); ibidem 40, 193
(1968).
6 U.Welp, S.Flesher, W.K.Kwok, R.A.Klemm, V.M.Vinokur,
J.Downey, B.Veal, G.W.Crabtree, Phys. Rev. Lett. 67,
3180 (1991); S.Sarti, D.Neri, E.Silva, R.Fastampa and
M.Giura, Phys. Rev. B 56, 2356 (1997).
7 W.Holm, O¨.Rapp, C.N.L. Johnson, U. Helmersson, Phys.
Rev. B 52, 3748 (1995).
8 R.Hopfengartner, B.Hensel and G.Saemann-Ischenko,
Phys. Rev. B 44, 741 (1991).
9 J.C.Booth, D.H.Wu, S.B.Quadri,
E.F.Skelton, M.S.Osofsky, A.Piqu and S.M.Anlage, Phys.
Rev. Lett. 77, 4438 (1996).
10 G.Nakielski, D.Gorlitz, Chr.Stodte, M.Welres, A.Kramers
and J.Ko¨tzler, Phys. Rev. B 55, 6077 (1997).
11 S.Kamal, D.A.Bonn, N.Goldenfeld,
P.J.Hirschfeld, R.Liang, and W.N.Hardy, Phys. Rev. Lett.
73, 1845 (1994).
12 A.Andreone, C.Cantoni, A.Cassinese, A.Di Chiara and
R.Vaglio, Phys. Rev. B 56, 7874 (1997).
13 S.M.Anlage, J.Mao, J.C.Booth, D.H.Wu and J.L.Peng
Phys. Rev. B 53, 2792 (1996).
14 R.Ikeda, T.Ohmi, T.Tsuneto, J. Phys. Soc. Jpn. 60,
1051 (1991); T.A.Friedmann, M.W.Rabin, J.Giapintzakis,
J.P.Rice, and D.M.Ginsberg, Phys. Rev. B 42, 6217 (1990).
15 A.Gauzzi and D.Pavuna Phys. Rev. B 51, 15420 (1995).
16 M.R.Cimberle, C.Federghini, E.Giannini, D.Marre’,
M.Putti, A.Siri, F.Federici and A.Varlamov, Phys. Rev. B
55, R14745 (1997).
17 A.A.Varlamov, G.Balestrino, E.Milani and D.V.Livanov,
in press (1998) .
18 W.E.Lawrence and S.Doniach, Proceedings of the 12th
International Conference on Low Temperature Physics,
edited by E.Kanda (Kiegaku, Tokio, 1971), pp.361-362.
19 A.Kapitulnik, M.R.Beasley, C.Di Castro and C.Castellani,
Phys. Rev. B 37, 537 (1988).
20 D.S.Fisher, M.P.A.Fisher and D.Huse, Phys. Rev. B 43,
130 (1991).
21 R.Menegotto Costa, P.Pureur, L.Ghivelder, J.A.Campa’
and I.Rasines, Phys. Rev.B 56, 10836 (1997).
22 A.T.Dorsey, Phys. Rev. B 43, 7575 (1991).
23 C.J.Lobb, Phys. Rev. B 36, 3930 (1987).
24 L.P.Gorkov, Zh. Eksp. Teor. Fiz. 36, 1918 (1959) [Soviet
Phys. JETP 9, 1364 (1959)].
25 K.Maki and M.Thompson, Phys. Rev. B 39, 2767 (1989).
26 L.N.Bulaevskii, Int. J. Mod. Phys. B 4, 1849 (1990).
27 V.Boffa, S.Barbanera,
R.Bruzzese, G.Celentano, U.Gambardella, S.Matarazzo,
F.Murtas, S.Pagano, T.Petrisor and C.Romeo, Proceed-
ings of 4th Euroceramics Conference ed. by A.Barone,
D.Fiorani, A.Tampieri (Gruppo Editoriale Faenza Editrice,
Faenza, Italy, 1996) Vol. 7, p.139.
28 N.Sparvieri, A.M.Fiorello, D.Fiorani and A.M.Testa,
Nuovo Cimento D 16, 1987 (1994).
29 S. Barbanera, P. Cikmacs, P. Cocciolo, R. Francini, V.
Merlo and R. Messi, Physica C 235-240, 593 (1994).
30 R.Fastampa, M.Giura, R.Marcon and E.Silva, Meas. Sci.
Technol. 1, 1172 (1990).
31 E.Silva, A.Lezzerini, M.Lanucara, S.Sarti and R.Marcon,
Meas. Sci. Technol. 9, 271 (1998).
32 E.Silva, M.Lanucara and R.Marcon, Supercond. Sci.
Techonol. 9, 934 (1996).
33 L.Krusin-Elbaum, R.L.Greene,
F.Holtzberg, A.P.Malozemoff, and Y.Yeshurun, Phys. Rev.
Lett. 62, 217 (1989).
34 D.R.Harshmann, L.F.Schneemeyer, J.V.Waszczak,
G.Aeppli, R.J.Cava, B.Batlogg, L.W.Rupp, E.J.Ansaldo,
and D.L. Williams, Phys. Rev.B 39, 851 (1989).
35 I.Felner, U.Yaron, Y.Yeshurun, G.V.Chandrashekhar,
F.Holtzberg, Phys. Rev.B 40, 5239 (1989).
36 Z.Hao,
J.R.Clem, M.W.McElfresh, L.Civale, A.P.Malezemoff and
F.Holtzberg, Phys. Rev.B 43, 2844 (1991).
37 W.K.Kwok, S.Flesher, U.Welp, M.V.Vinokur, J.Downey,
G.W.Crabtree, and M.M.Miller, Phys. Rev. Lett. 67, 3370
(1992).
38 D.E.Farrell, J.P.Rice, D.M.Ginsberg, J.Z.Liu Phys. Rev.
Lett. 64, 1573 (1990).
39 E.Silva, D.Neri, R.Marcon, R.Fastampa, M.Giura, S.Sarti,
and N.Sparvieri, submitted to Int. J. Mod. Phys. B (1998)
.
8
